This new and facile method can prepare porous PLA fibers on industrial scale, and nearly overcome all the shortcomings of melt-spinning and stretching method. In addition, highly porous structure in partially oriented PLLA yarn (POY) can be also formed by treating POY using ethyl acetate. The obtained pores is irregular. In addition, the formation mechanism of pore structure in CSF is different with the one in POY. The former is the separation of rownucleated lamellae induced by stretching while the latter is swelling and subsequent solventinduced crystallization.
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INTRODUCTION
Polylactide (PLA) is a renewable, biodegradable and thermoplastic polymer, [1] [2] [3] which has been widely studied as a raw material of synthetic fibers. 4 It is well known that porous structures enable fibers to have high specific surface area and high surface activity, 5 which are beneficial for a number of special fields, such as controlled drug release, tissue engineering, wound dressings, catalysis, filtration, absorption and so on. 5, 6 Therefore, the study on porous PLA fibers is an important and popular subject. A few methods of preparing highly porous PLA fibers have been previously reported. Sun et al. 5 prepared porous PLA fibers by electrospinning PLA in the mixed solvents of N,N-dimethylformamide (DMF) and chloroform (CHCl3). Bognitzki et al. 7 produced porous PLLA electrospun fibers by using methylene chloride (CH2Cl2) as solvent. Yu et al. 8 prepared PLLA ultrafine multi-porous hollow fibers by electrospinning with CH2Cl2 as solvent. Valipouri et al. 9 fabricated porous PLA electrospun fibers using CHCl3 as solvent. Lee et al. 10 prepared porous PLA/MMT composite fibers in the electrospinning process using CHCl3 as solvent. The mechanism behind the formation of porous PLA fibers was a rapid phase separation induced by the evaporation of the volatile solvents. Qi et al 11 produced porous PLA electrospun fibers using alcohol as nonsolvent and CH2Cl2 as solvent. Zhang et al. 12 fabricated porous PLLA electrospun fiber using DMF and CH2Cl2 as the mixed solvent. Here, the mechanism of forming porous PLA fibers was nonsolvent-induced phase separations (NIPS). In addition, Tian et al. 13 prepared porous PLA fibers by immersing the electrospun PLA fibers in methanol and acetone at desired temperatures for a certain time period, respectively, followed by vacuum drying at room temperature to remove the residual solvents. The formation of porous structure was mainly due to swelling and subsequent solvent-induced crystallization in the electrospun PLA fibers. However, up to now, porous PLA fibers are fabricated mainly by electrospinning method which is limited by low throughput. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -4 -
The method of melt-spinning and cold-stretching (MSCS) is considered to be a valuable and simple way to produce porous hollow fiber membranes 14 . This method, including mainly three steps, has been used widely to prepare polypropylene (PP), polyethylene (PE) and polyvinylidene fluoride (PVDF) porous hollow fiber membranes. [14] [15] [16] [17] [18] [19] [20] [21] The first step is melt-spinning, during which row-nucleated lamellar structure in fibers can be created by stress-induced crystallization effects. 15 The second step is an annealing process, which can enhance the perfection of crystalline structure. 15 The third step is stretching, which is carried out in two stages consisting of cold stretching followed by hot stretching. Cold stretching is used to produce microcrazes uniformly in amorphous regions between lamellae. These microcrazed amorphous regions are finally transformed into an open slit-shaped pore by hot stretching. 15 This method is clean and economical, and the obtained porous fibers have high mechanical strength. 14 The formation of row-nucleated lamellar structure is prerequisite for producing porous structure by stretching. When high stress is applied, row-nucleated lamellar structures can be readily created by stress-induced crystallization effects during the melt spinning. 15 However, it is well known that the crystallization of PLA is very slow. 22 So it is difficult to develop significant crystallinity and row-nucleated lamellar structure during melt-spinning. In addition, up to now, the diameters of porous hollow fibers prepared by MSCS are more than 200µm. [14] [15] [16] 19, 20 Formation of pores with the diameter of about 1µm did not affect the process of forming pores by stretching porous hollow fiber with more than 200µm.
However, generally speaking, the diameter of common synthetic fiber is less than 20µm. [23] The pores with about 1µm would make the common synthetic fibers break easily during cold and hot stretching so that it is difficult to prepare porous PLA fibers with less than 20µm. In addition, although porous fibers manufactured by this method -5 -have good mechanical strength along the machine direction, the low tensile strength along the transverse direction may result in splitting problems. 24 Here, a new and facile method that potentially can prepare porous PLA fibers on industrial scale is put forward. In this work, core-sheath PLA fiber (named CSF) was designed. The core and sheath materials were poly(L-lactide) (PLLA) and polylactide with D-latide of about 10 mol% (PLA90), respectively. The viscosity of PLLA was higher than that of PLA90. 25 During melt-spinning, the stress would impose mainly on the PLLA in the core layer so that the tensile stress imposed on PLLA in the core layer of core-sheath PLA fiber was higher than the one imposed on common PLLA fiber.
High stress would induce the formation of PLLA core layers with row-nucleated lamellar structure and relatively high crystallinity. The pore structure in PLLA core layers would form by sequent two-step stretching. However, no pores could be observed in sheath layers. PLA90 with low crystallinity and PLLA with high crystallinity have different solubility in ethyl acetate. Ethyl acetate could dissolve PLA90 partly to present the pores in PLLA core layers. In addition, the PLA90 sheath layers could protect the porous PLLA fiber in core layers from breaking during cold and hot stretching, and splitting during using. 
EXPERIMENTAL

RESULTS AND DISCUSSION
Thermal behaviors. The thermal behaviors of POY, DTY and CSF were studied by DSC.
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In order to make highly porous structure in core layers appear, CSFs was treated by the solvent of ethyl acetate at room temperature. SEM micrographs of surface morphology of highly porous PLA fibers are shown in Figure 2 . Figure 2 illustrates that CSFs treated for 5 min and 60 min have highly porous structures. However, the distribution of pores in different
CSFs treated for 5 min is not uniform while that of pores in different CSFs treated for 60 min are relatively uniform. In addition, it can been also found from Figure S1 (Supporting information) that for CSF treated for 5 min, the distribution of pores in the same fiber is uneven. However, for the CSF treated for 60min, the pores distribute evenly in the different parts of the same fiber. The shape of pores is elliptical. The morphology is similar to that of the pores formed by the evaporation of the volatile solvents during electrospinning 9 . However, the morphology is different with that of the pores in micro-porous fiber membranes prepared by the melt-spinning and cold stretching method (MSCS). The pores formed by MSCS are slit-like, and the separated lamellae are connected by microfibrillar bridges. 21 Figure S1 also shows that the pores can distribute evenly in different fibers or in the different parts of one fiber when the immersing time was 10min. When the immersing time is above 10 min, with the increase of immersing time, the pore structure and distribution remain almost unchanged (See Figure S1 ). The average values of length of major axis and minor axis of elliptical pores are around 1 and 0.5 μm, respectively, which is characterized by SEM. In addition, the data obtained by BET measurements (Figure 3 ) are listed in Table 1 . change. In addition, the weight fraction of sheath layer in original CSF is 35%, which is close to weight loss of CSF treated by ethyl acetate for more than 10min. Figure 1 and 2 show that the diameter of original CSF is nearly equal to that of the treated CSF, which shows that the sheath layer is dissolved partly. And only the sheath layers in the location of forming pores are dissolved. Therefore, the weight loss is attributed partly to the core layers, which illustrates that ethyl acetate also dissolves partly core layers of CSF. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 65 It can concluded from above analysis that the construction of the core-sheath structure nearly can solve all problems of preparing highly porous PLA fibers using meltspinning and stretching method. Firstly, enhancing the tensile stress imposing on PLLA in core layers during melt spinning was beneficial to formation of row-nucleated lamellar structure. Secondly, sheath layers protected the porous PLLA fibers in core layers from breaking during stretching. Thirdly, remaining sheath layers could stop porous PLA fibers from splitting during using. Moreover, during preparing porous PLA fibers, annealing (In the classical melt-spinning and stretching method, the annealing time is more than 10min.) ahead of cold-stretching was not used, which saved the processing time. It is concluded that this is an efficient method to prepare porous PLA fibers with relatively small diameter on a large scale.
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CONCLUSIONS
PLA fibers with core-sheath structure first were prepared and then treated by ethyl acetate to obtain highly porous PLA microfibers with small diameter. The resultant pores on core-sheath fibers are regular and elliptical. The formation mechanism is the separation of row-nucleated lamellae by stretching, which were obtained by melt-spinning. This new and facile method can prepare porous PLA fibers on an industrial scale, and overcomes nearly all the limitations   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 -14 -of melt-spinning and stretching method. In addition, highly porous structure could be also formed in POY, due to swelling and subsequent solvent-induced crystallization of POY with low crystallinity. However, the pore structures in POY were found to be irregular. A small quantity of longitudinal grooves with the average width of about 1µm appeared on the surface of some DTY treated by ethyl acetate. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61 50min (f and f') and 60min (g and g'), respectively
